The deposition of Late Pleistocene and Holocene sediments in the high-altitude lake Meidsee (located at an altitude of 2661 m a.s.l. in the Southwestern Alps) strikingly coincided with global ice-sheet and mountain-glacier decay in the Alpine forelands and the formation of perialpine lakes. Radiocarbon ages of bottom-core sediments point out (pre-) Holocene ice retreat below 2700 m a.s.l., at about 16, 13, 10, and 9 cal. kyr BP. The Meidsee sedimentary record therefore provides information about the high-altitude Alpine landscape evolution since the Late Pleistocene/Holocene deglaciation in the Swiss Southwestern Alps. Prior to 5 cal. kyr BP, the C/N ratio and the isotopic composition of sedimentary organic matter (δ 15 N org , δ 13 C org ) indicate the deposition of algal-derived organic matter with limited input of terrestrial organic matter. The early Holocene and the Holocene climatic optimum (between 7.0 and 5.5 cal. kyr BP) were characterized by low erosion (decreasing magnetic susceptibility, χ) and high content of organic matter (C org > 13 wt.%), enriched in 13 C org (> −18‰) with a low C/N (˜10) ratio, typical of modern algal matter derived from in situ production. During the late Holocene, there was a long-term increasing contribution of terrestrial organic matter into the lake (C/N > 11), with maxima between 2.4 and 0.9 cal. kyr BP. A major environmental change took place 800 years ago, with an abrupt decrease in the relative contribution of terrestrial organic material into the lake compared with aquatic organic material which subsequently largely dominated (C/N drop from 16 to 10). Nonetheless, this event was marked by a rise in soil erosion (χ), in nutrients input (N and P contents) and in anthropogenic lead deposition, suggesting a human disturbance of Alpine ecosystems 800 years ago. Indeed, this time period coincided with the migration of the Walser Alemannic people in the region, who settled at relatively high altitude in the Southwestern Alps for farming and maintaining Alpine passes.
Introduction
Open questions remain for Holocene paleoclimate about the timing of the last deglaciation in the Alps and the associated environmental changes (Schlüchter, 1988) subsequent to the maximum ice extent during the Last Glacial Maximum (LGM, from about 24,000 to 21,000 calendar years Before Present (cal. kyr BP)). The reconstructions of the LGM ice-surface elevations and ice-flow directions, which are based on field mapping of glacial trimlines, ice-erosional features and periglacial geomorphology (e.g. Kelly et al., 2006) , implies an ice thickness of > 1400 m and a surface elevation of > 3000 m for the LGM of the southern Valais (Southern Switzerland) ice field (Kelly et al., 2004) . Nevertheless, some radiocarbon dates of organic lacustrine sediments from peri-and inner-Alpine regions (i.e. from lake sediments deposited subsequently to the LGM) suggest that the decrease in ice volume and the retreat of the last Alpine glacier system extending to the forelands could have lasted as little as a few hundred years (Lister, 1988; Schlüchter, 1988) . This interpretation is corroborated by surface exposure dating of bedrock and erratic blocks using cosmogenic nuclides (e.g. 10 Be), which indicate (1) a ~21 cal. kyr BP age of the onset of the deglaciation when the Rhône glacier abandoned the terminal moraines on the northern Alpine foreland (Ivy-Ochs et al., 2004) but also (2) Alpine glacial advances ~16 cal. kyr BP, at the onset of the Younger Dryas (~12 cal. kyr BP), ~11 and 8 cal. kyr BP, and during the 'Little Ice Age' (LIA; ~0.6-0.2 cal. kyr BP) (Holzhauser et al., 2005; Ivy-Ochs et al., 2006) .
The timing of the onset of ice decay can be alternatively inferred by dating the earliest time of alpine soils formation. For instance, radiocarbon dating of the most refractory organic matter (OM) from an Alpine environment of northern Italy (2100 m above sea level; a.s.l.) gives the highest ages of up to 17 cal. kyr BP (Favilli et al., 2008) . By comparison, the radiocarbon dating and the pollen analyses of the oldest sediment from foreland lakes (e.g. Constance, Zurich, and Neuchatel) locate their earliest formation around 17.5 cal. kyr BP (synthesis in Ivy-Ochs et al., 2004) . The study of geological and biological materials from lacustrine sediments that have accumulated since the deglaciation furthermore allows to reconstruct the landscape response to global climate changes (e.g. Lake Geneva; Girardclos et al., 2005) . Additional advantages of studying high-altitude lakes from the Alpine region are that (1) these ecosystems have been only recently impacted by human activities, and (2) the altitude and the Alpine topography tend to amplify the temperature anomalies, as demonstrated by a higher climate warming during the 20th century in the European Alps (Beniston, 2006) .
The type and amount of sedimentary OM can be used to reflect past fluctuations in lakes' productivity and terrestrial inputs linked to climate-induced environmental changes (Leng and Marshall, 2004; Meyers, 1997; Talbot and Johannessen, 1992) . Indeed, land-derived OM has C/N ratio higher than 14-20, while phytoplankton and aquatic macrophytes exhibit C/N ratios between 4 and 10 ( Meyers and Teranes, 2001) . The carbon and nitrogen stable-isotope composition of autochtonous sedimentary OM can also be used to reconstruct changes in aquatic productivity rates and sources of nutrients (Bertrand et al., 2009 ). This is due to the fact that during periods of enhanced aquatic productivity, lacustrine algae preferentially consumes the dissolved light carbon isotope ( 12 C) during photosynthesis. The enhanced uptake of 12 CO 2 by aquatic organisms results in the production and the sedimentation of 13 C-poor OM, i.e. with more negative δ 13 C org ( 13 C/ 12 C ratio) values (Meyers and Teranes, 2001 ). Lower δ 13 C values of sedimentary OM can also reflect increased influx of terrestrial OM into the lake, or increased dissolved CO 2 supply to the lake water owing to a reduction in the seasonal ice cover (enhanced exchange between the atmosphere and the lake water) or changes in the lake trophic levels (Harwart et al., 1999; Teranes and Bernasconi, 2005) . For the same reasons, longer and stronger lake stratification or enhanced photosynthesis by aquatic plants and algae may also influence the δ 15 N org ( 14 N and 15 N discrimination during N fixation) composition of lacustrine OM (Lu et al., 2010; Xu et al., 2006) . This study aims to reconstruct the climate-induced environmental changes that occurred since the LGM in the Southern Alps, by studying a well-dated organic-rich sediment sequence (121 cm long) from Meidsee (Southern Alps, Switzerland), which was deposited during the Late Pleistocene and Holocene in a pristine landscape at high altitude (2661 m a.s.l.). Previous studies of heavy-metal record (including Pb isotopes) from this archive demonstrated the long-range transport of European air pollutants and the strong impact of the mining activities during the Roman Empire and the European Industrial Revolution (Thevenon et al., 2011) . In this study, we further investigate the concentration and the isotopic composition of the sedimentary OM, in an attempt to reconstruct the Alpine landscape response to the long-term climatic changes following the deglaciation and during the Holocene. Organic geochemical data, including organic carbon concentration (C org ), nitrogen content (N), C/N atomic ratios, phosphorus content (P), and carbon (δ 
Study site, sediment coring and core chronology

Meidsee
The small high-alpine Meidsee is located in the Swiss Alps at 2661 m a.s.l. on the western shoulder of the Turtmann Valley, a southern tributary to the Rhône Valley and the westernmost German-speaking valley (Canton of Valais). The lake is located less than 1 km from Meidpass (2790 m a.s.l.) which connects the Turtmann and Rhône valleys to the foot of the Southern Alps and the Mediterranean countries. The lake has a roundish shape with a diameter of ~200 m and a maximum water depth of ~15 m (Figure 1a and b) . It has no permanent inflow and thus receives reduced detrital sediment supply. Its non-glaciated catchment covers less than 0.5 km 2 and consists of crystalline rocks and relatively thin soils (10-50 cm). The lake is at least partially frozen during almost 6 months per year. During summer months, macroalgae are observed on the northwestern part of the lake at about 1-2 m water depth (Figure 2a ).
Seismic survey and sediment coring
In September 2009, a reflection seismic survey was conducted followed on the same day by collection of a series of gravity short cores. The seismic source/receiver assembly consisted of a GEO-ACOUSTIC pinger system (3.5 kHz) operated from an inflatable boat on a pushed catamaran using regular GPS navigation. A dense grid of 10 × 10 lines was acquired. Seismic data were stored digitally in SEG-Y format, filtered (2-6 kHz) and loaded in KINGDOM SUITE software for interpretation. A bathymetric map was established on the basis of the interpolated seismic data (Figure 1b) . Reflection seismic profiles showed at the base of seismic penetration a strong reflection of an acoustic basement with rugged morphology that represents the irregular top of the bedrock or the ground moraine (Figure 1c ). In the deepest area, the acoustic basement is overlain by an up to 1.5 m thick succession of very low-amplitude reflections characterized by moderate layer continuity ( Figure 1c ). These reflections form onlaps onto the acoustic basement and wedge out at water depths of ~10 m. This low-amplitude seismic sequence is barely to be discerned from the water body and thus represents low-impedance lacustrine sediments, which were cored with five gravity short cores (6 cm diameter) near the deepest area. Core ME09-5 (121 cm long) was used for this study.
Terrestrial and aquatic modern organic matter sources (Table 1 and Figure 2)
In order to constrain the elemental and isotopic compositions of modern terrestrial and aquatic sources of sedimentary organic matter in Meidsee, a sampling campaign was conducted in the small watershed of the lake in August 2011. Macroalgae were collected in the northwestern part of the lake (sample A on Figure 2a ) where water depth was about 1-2 m. A ˜1 m long coring tube left during two years in the northern part of the lake where water depth was about 1-2 m, allowed the collection of modern lacustrine organic matter derived from in situ production (sample T on Figure 2h ). Three terrestrial plant samples (H1 to H3 on Figure 2 ), two lichen samples (samples L1 and L2 on Figure 2 ), and one surface soil sample (sample S on Figure 2d ) were also collected, as well as animal excrements (sample W on Figure 2f ) that were abundant in the catchment because of summer cattle grazing (goat and sheep).
Methods
Magnetic susceptibility (χ) and core sampling
Magnetic susceptibility (χ) was measured with a GEOTEK multisensor core-logger at ETH Zurich with a sampling interval of 5 mm. Afterwards, the core was split, photographed, described macroscopically and sampled continuously at 1 cm intervals. The sediment samples, as well as the terrestrial and aquatic modern samples, were frozen, freeze-dried and grounded by hand in agate mortar, and homogenized to a fine powder for the subsequent geochemical analyses.
Phophorus (P) analysis
Total phosphorus (P) analyses were performed on ~100 mg of dry powdered sediment, mixed with 1 ml of MgNO3 and left to dry in an oven at 45°C for 2 h. The samples were then heated in a furnace at 550°C for 2 h. After cooling, 10 ml of 1N HCl were added and placed under constant shaking for 14 h. The solutions were filtered with a 63 µm filter, diluted ten times, and analyzed using the ascorbic acid method of Eaton et al. (1995) . For this process, the solution was mixed with ammonium molybdate and potassium antimonyl tartrate to form phosphomolybdic acid. The intensity of the blue color of this acid measured (three times with a precision better than 5%) with a photospectrometer (Perkin Elmer UV/Vis Photospectrometer Lambda 10) was finally converted to the concentration of PO 4 in mg/l.
Organic carbon (C org N org values are reported relative to the Vienna Pee Dee Belemnite standard (VPDB) and air-N 2 , respectively. The calibration and assessment of the reproducibility and accuracy of the isotopic analysis were based on replicate analyses of laboratory standard materials and international reference materials. The reproducibility was better than 0.1‰ for both carbon and nitrogen.
Results and discussion
Sediment-core lithology
The sediment cores consist of a fine-grained, low-density (1.0-1.1 g/cm 3 ; Thevenon et al., 2011) dark-colored organic-rich gyttja. Only faint laminations can be discerned. In the lower part (114 cm core-depth) and in the upper part (23 cm core-depth) of the sediment core, the χ slightly increases and ~1 cm thick light-colored layers occur (Figures 3 and 4) . X-ray analyses demonstrate that these two layers are enriched in well-crystallized minerals, especially phyllosilicates (mica and chlorite), reflecting higher detrital input. SEM observations of the oldest sediments reveal the abundance of phytoplankton which also compose the modern aquatic OM (diatoms, dinoflagellate, and spores; Figures 2j and k) . This result points out sustained input of algal matter derived from in situ production to Meidsee sediment, from the deglaciation to present.
Meidsee chronostratigraphy
The age model of core ME09-05 has been previously published in detail in Thevenon et al. (2011) , showing a reservoir age of ~1650 years possibly because of the input of stable and old refractory organic matter present in Alpine soils and a long water residence time (Egli et al., 2009; Harwart et al., 1999) . Here, the depth-age model was presented in calendar years Before Present (cal. yr BP), where present is ad 2010 (Figure 3) . The occurrence of Pleistocene organic material is discussed further in the results section, while the depth-age curve was generated down to a thin turbidite deposited at 114 cm (~9500 cal. yr BP). The cesium ( 137 Cs) activity profile for the upper part of the core was attributed to the radionuclides global fallout produced by the atmospheric nuclear weapon tests starting in the 1950s with maxima in 1963/1964 (Figure 3 ; Thevenon et al., 2011) .
Late-Pleistocene sediments and the deglaciation c. 17, It is noteworthy that two of the four radiocarbon dates from the sediment recovered within the first 9 cm of the record yielded preHolocene ages, i.e. older than 11.7 cal. kyr BP. One radiocarbon date was measured on terrestrial plant remain (16.3 cal. kyr BP) and one on bulk sediment (12.9 cal. kyr BP) (Figure 3) . The presence of Late-Pleistocene OM at those times indicated that the topographic depression was at least episodically filled with water, and testified the absence of a perennial ice cover below 2700 m a.s.l. in the Southern Alps. The radiocarbon dates of organic material deposited about 16, 13, 10, and 9 cal. kyr BP (Figure 3 and details of radiocarbon dates in Thevenon, 2011) therefore evidenced the concomitant deposition and the preservation of organic-rich sediment with carbon isotopic composition typical of aquatic OM (Figures 4 and 5) . It is meaningful to note the absence of radiocarbon datable material in between the dated horizons (~15-14, 12-10, and 9-7 cal. kyr BP) that roughly coincide with documented cold climate reversals and Alpine glacier advances (~15, 12-10, and 8 cal. kyr BP; Ivy-Ochs et al., 2006) (Figure 3) . Although the Meidsee record does not allow a high-resolution and a detailed analysis of the deglaciation period, the presence of Late-Pleistocene lacustrine sediments at high altitude in the Southwestern Alps pinpoint (1) the absence of perennial ice cover in the alpine catchment that was synchronous with the retreat of the Alpine ice-sheet and with the formation of the perialpine lakes, (2) the absence of a perennial ice cover below 2700 m a.s.l., in between the cold and humid periods of glacier advance documented in the literature (Ivy-Ochs et al., 2004) , and (3) the formation of a proglacial lake with in situ production of algal matter from the deglaciation to present. As Meidsee is located on the lateral shoulder of the Turtmann and Rhone Valleys, it is well possible that lacustrine sedimentation already was initiated during 1  95  339  648  966  1260  1511  1714  1874  1999  2101  2195  2292  2404  2538  2699  2891  3112  3363  3640  3943  4275  4642  5060  5553  6157  6925 ongoing glaciation, as the lake may have existed above the elevation of the main-valley glacier. The basal samples were relatively enriched in by-products of physical weathering (χ), suggesting relatively high erosive inputs (Figure 4) . However, the organic parameters clearly excluded a significant contribution of terrestrially derived OM to the sediments at that time, but rather evidenced the strong contribution of aquatic primary productivity ( Figure 5 ). The C org concentration in samples from the bottom of the core (below 113 cm, ~9300 cal. yr BP) was the lowest of the record (Figure 4) , indicating a relatively low input of (aquatic) OM into the lake. As shown in Figures 4 and 5, the sediments deposited below the turbidite (before ~9300 cal. yr BP) were characterized by low values of C/N (mean value of 10; n=9), which are typical of fresh algal material contribution (Meyers and Teranes, 2001 ) and therefore indicated low terrestrial inputs and poor soil development in the catchment. This hypothesis might be confirmed by the concurrent high δ 13 C org values that also pointed out the dominant contribution of the algal matter to the OM burden (Meyers and Teranes, 2001 ). Figure 5 furthermore showed that the δ 13 C org fingerprints of the sediment deposited before 5000 cal. yr BP were in good agreement with the isotope composition of modern aquatic samples (mixed plankton and macroalgae, Table 1 ), demonstrating that (1) the contribution of terrestrial OM remained very low compared with that of lakederived OM during the first part of the Holocene, and (2) the lacustrine OM which was primarily dominated by aquatic primary productivity remained relatively homogeneous throughout the last deglaciation to the present.
Early Holocene and Holocene climatic optimum (113-93 cm; ~9300-5000 cal. yr BP)
A pronounced decrease in χ following the turbidite layer deposited ~9300 cal. yr BP (Figure 4) , indicated decreasing erosive input synchronously with the warmer climate conditions that prevailed in the Southern Alps during the Boreal period (c. 9000-8000 cal. yr BP) (McDermott et al., 1999) . The concentration of C org and N abruptly rose above the turbidite, possibly resulting from a significant change in lake status (lake-level and water depth). Indeed, SEM observations revealed the presence of pyrite framboids in the sediments deposited above the turbidite ( Figure  2i ) combined with the development of anoxic bottom waters in the deepest part of the lake. Increasing δ 15 N org values combined to decreasing δ 13 C org composition during this period could therefore result from the development of anoxic conditions in the water column and enhanced OM input, respectively (Bertrand et al., 2009; Lu et al., 2010) . In this horizon, the δ 13 C org values and C/N ratios averaged −16‰ and 11, respectively, in agreement with the values observed for modern aquatic OM sources (Figure 5a ), excluding a significant terrestrial carbon contribution (Meyers and Teranes, 2001) . Roughly similar variations were observed for elemental (C org and N content) and isotopic composition of OM (δ 13 C org , δ 15 N org ), in association with low C/N ratio. Such results suggested that (1) the aquatic primary productivity has played a dominant role in determining the isotope fractionation of aquatic OM, and (2) micro-and macro-algae were the major contributors to OM in the sediments before 5000 cal. yr BP.
The sediments dated from 8 to 5 kyr cal. BP recorded the lowest erosive inputs (χ on Figure 4 ) and the highest aquatic OM supply to the lake sediment, as demonstrated by high concentrations of C org and N, a low C/N ratio (˜10) typical of modern aquatic OM (Figure 5a ). The highest δ 13 C org and δ 15 N org values of OM (Figure 4 ) characterized a section containing green organic gyttja deposited between ~7.0 and 5.5 kyr cal. BP (105-95 cm core-depth, Figure 3 ). According to the age model, this section could be attributed to the Holocene Thermal Maximum (HTM) or Atlantic period that has been dated between ~8 and 5 cal. kyr BP in the middle and high latitudes of the Northern Hemisphere, where it was generally associated with the early-Holocene boreal summer insolation maximum that caused the rapid Laurentide ice-sheet retreat (Carlson et al., 2009; Renssen et al., 2009; Seppä et al., 2009 ). Chironomid-based reconstructions of July air temperatures from the Swiss and the Austrian Alps revealed a distinct cooling trend from ~4500 until 2500 cal. yr BP (Sub-Boreal period), probably linked to changes in summer and winter insolation (Heiri and Lotter, 2005; Ilyashuk et al., 2011) . This period was characterized by a succession of glacier advances and timberline depressions, attributed to the development of cooler and wetter climate (Deline and Orombelli, 2005; Haas et al., 1998) . During the second part of the Holocene, Meidsee recorded a smooth but continuous rise in P input (Figure 4 ) and in C/N ratios (Figure 4) , suggesting the relative decline of aquatic OM source with regards to higher inputs of terrestrial OM (Schmidt et al., 2002) . The lowest δ 13 C org values of the record, between 3200 and 900 cal. yr BP, were therefore certainly influenced by the maxima in terrestrial OM contribution to the lake sediment at those times (Figures 4 and 5) . It is however meaningful to note a relative increase in δ
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C org values between c. 2200 and 1700 cal. yr BP despite increasing C/N ratios. The enrichment in δ 13 C org concomitant with a higher input of C org and OM from terrestrial plants suggests increased lake productivity triggered by the development of a more productive soil layer during favorable climatic conditions (Koinig et al., 2010; Mourier et al., 2010) . This interpretation is consistent with the reduction in the size of Alpine glaciers inferred between 2740 and 2500 cal. yr BP (Holzhauser, 1997; Hormes et al., 2001 ) and with the subsequent amelioration of the climatic conditions during the Roman times in the Western European Alps (Sub-Atlantic period). As demonstrated in Thevenon et al. (2011) , a record of anthropogenic lead enrichment from Meidsee highlights the large-scale atmospheric pollution of the Northern Hemisphere due to Greek and Roman mining activities 2000 years ago (Figure 4) . However, the organic proxies measured on the same sediment samples clearly exclude a significant human impact in this highaltitude Alpine landscape during the Roman Period (Figure 4) .
The last millennium (> 16 cm; ~800 cal. yr BP)
Although P input and soil erosion continued to increase continuously over the last millennium, we observed an abrupt drop in C/N ratios typical of aquatic OM sources (Figures 4 and 5 ). This shift in OM source around 800 cal. yr BP was the most important change of the last millennia. Moreover, this event strikingly coincided with an increase in the deposition of anthropogenic lead ( Figure 4 ) and with the migration of the Walser people who from the 12th to the 13th centuries spread into several highalpine valleys of the Southwestern Alps (Pawson and Egli, 2001) . A synchronous drop in C/N ratio could therefore indicate an increase in primary production of algae triggered by enhanced nutrient supply linked to human activities (e.g. extended land use). The end of the Walser period 500 years ago (Malacarne et al., 2005) probably linked to climatic deterioration and unfavorable environmental conditions in the Alpine landscape, coincided with a drop in the anthropogenic lead deposition in Meidsee ( Figure 4 ) and with the onset of the 'Little Ice Age' (LIA) and Alpine glacier advance (Holzhauser et al., 2005) .
Although there was no significant change in the dominant source of aquatic OM during the past few decades, a significant increase in P-input occurs after ~ad 1963 (identified at ~6 cm depth with the maximum 137 Cs activity; Figure 2) . Surprisingly, the other organic compounds (N and C org contents) do not parallel the increase in P, whereas the δ 13 C org values are decreasing. However, the pattern of P-nutrient release to the lake strongly suggests a higher human impact during the last decades, as supported by the abundant animal excrements (Figure 2f) found in the catchment during summer period, as well as by the fish introduction (Figure 2g ) and the presence of human wastes into the lake (Figure 2g ). These observations excluded a purely paleoclimatic interpretation derived from the uppermost lacustrine sediments of this high-altitude remote Alpine lake, because of enhanced input of terrestrial OM from the watershed.
Conclusion
Meidsee pre-Holocene sediments deposited synchronously with the early formation of Alpine soils and (peri-) Alpine lakes ~17 kyr BP, witness the rapid decay of the perennial ice cover below 2700 m a.s.l. in the Southwestern Alps. Before 5 kyr cal. BP, high 13 δC values (−17 to −16‰) and low C/N ratios (˜10) similar to modern aquatic OM fingerprint, indicate that the sedimentary organic matter was primarily constrained by the aquatic primary production. N org values concomitant with increasing C/N ratio and P input, were likely attributed to the continuous increased contribution of terrestrial organic matter linked to the development of a vegetated landscape. The major environmental change of the Holocene period occurred ~800 years ago, with an abrupt decrease in C/N ratios typical of algal-derived OM from in situ production. However, increasing P-nutrient input and soil erosion synchronously with a strong increase in the deposition of anthropogenic lead, strongly suggest human disturbances by the Walser Alemanic people who extended settlement and important land-use changes at high altitude in the Swiss Southern Alps. During the last decades, human disturbances in the catchment (e.g. cattle grazing and fish introduction) impacted the sedimentary organic matter record. The elemental and isotopic compositions of the high-altitude lake Meidsee therefore demonstrate that climate-and anthropogenic-induced changes in the Alpine landscape primarily influenced the stable isotopes in the lacustrine sedimentary organic matter over the last millennia.
